VO 2 undergoes a sharp metal-insulator transition at 67 C with several orders of change in conductivity and optical transmittance. Understanding and control of the properties of vanadium oxide layers grown on technologically relevant substrates such as Si (100) single crystals is therefore of great interest. In this work, we show tunability of metal-insulator transition temperature as well as recoverable stress in VO 2 thin films grown on Si substrate by introducing nanoscale atomic layer deposited HfO 2 interfacial layers with no degradation in the resistance ratio. For a confined VO 2 film, the metal-insulator transition temperature is suppressed by 16 C and the recoverable stress is 150 MPa, compared to 400 MPa for a bare film. These observations are further correlated with in situ variable temperature measurement of stress changes occurring during the phase transition. Structural and microstructural studies on the various samples have been carried out by x ray diffraction and cross-sectional transmission electron microscopy. The strategy of tuning the metal-insulator transition characteristics by nanoscale interfacial dielectrics is of broader relevance in design of programmable materials and integration into solid state devices for electronics.
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1,2 The near-room temperature sharp transition with tunable optical and electrical characteristics makes this material a potential candidate for solid state devices such as Mott field effect transistor, RF switches, metamaterials and solid state sensor devices. [3] [4] [5] [6] [7] [8] Control of the transition temperature of un-doped vanadium oxide layers grown on technologically relevant semiconductor substrates such as Si (100) single crystals is therefore of exceptional interest. While stress-free bulk VO 2 shows the transition at 67 C, the application of stress can change the transition temperature dramatically arising from a consequence of the Peierls lattice distortion leading to the phase transition. Prior studies have focused on lowering the transition temperature by imposing strain on VO 2 nanostructures and thin films. [9] [10] [11] [12] [13] [14] [15] Controlled bending experiments on VO 2 nanobeams demonstrated the nucleation, growth of metallic phase and coexistence of both metallic and insulating phases at different strain levels. 16 Substrate-induced uniaxial strain arising from substratenanobeam adhesion was also shown to induce metallic domains in single crystalline VO 2 nanobeams. 10 Formation of ferroelastic domains and its influence on the distribution of strain controlled metallic and insulating phases also have been recently investigated in two-dimensional VO 2 nanoplatelets. 17 Residual stress and particle size reduction also depresses the metal-insulator transition temperature in nanostructures in the absence of external applied stress. 18, 19 While the influence of stresses on metal insulator transition has been reported, the corollary, i.e., exercising control over the phase transition-induced stress changes in VO 2 thin films has not received much attention and further happens to be of significant interest in micro-actuators such as micropumps, micro-grippers and micro-relays. 20 Here, we address the important problem of how to tune the transition temperature and resulting stress relaxation in VO 2 thin films on technologically important Si substrates in the absence of externally imposed stress while retaining superior functional properties. When the VO 2 layer is geometrically confined within nanoscale hafnia buffer layers, the transition temperature is depressed to 45 C. In situ stress relaxation measurements (measured by wafer curvature technique) as a function of temperature has been performed to provide direct correlation with the phase transition characteristics along with detailed transmission electron microscopy and microstructural studies. The strategy of controlling the metal-insulator transition characteristics by nanoscale interfacial dielectrics could be of broader relevance in design of programmable matter and the emerging field of oxide phase transition electronics. (HfO 2 ) layer was grown using a Cambridge NanoTech Savannah S200 atomic layer deposition (ALD) system. Water (H 2 O) and tetrakis (dimethylamino) hafnium [Hf(NMe2)4] were used for oxygen and hafnium precursors, respectively. The growth temperature was 250 C and the growth rate is 0.1 nm per circle. Glancing incidence angle x-ray diffraction was carried out using Scintag XDS2000 diffractometer. Cu Ka radiation was used with the incidence angle of 1 o . Cross sectional specimens for transmission electron microscope (TEM) studies were prepared by conventional mechanical thinning/polishing followed by Argon ion milling operated in the double gun mode at 5 KV with different gun tilting angels. Finally gentle milling was performed using 2 KV argon gas with 1 o gun tiling angle. Microstructural investigation was carried out using JEOL 2100 and JEOL 2010-FEG transmission electron microscopes operated at 200 KV. Compositional studies were carried out by scanning transmission electron microscopy-energy dispersive spectroscopy (STEM-EDS) in a JEOL 2010-FEG instrument. Veeco Nanoman-AFM was used for surface topographic studies on VO 2 thin films. Resistance of VO 2 -Si and VO 2 / HfO 2 -Si samples was obtained from current-voltage (I-V) measurements through two probe tips using Keithley 236 Source Measure Unit integrated with MDC probe station. Resistance of sandwiched VO 2 sample was deduced from capacitance-voltage (C-V) characteristics using Agilent 4284A Precision LCR Meter integrated with the MDC probe station. Thin film stress measurement was carried out using TEN-COR FLX-2320 instrument by in situ wafer curvature method from room temperature to 120 C for 3 heatingcooling cycles.
III. RESULTS AND DISCUSSION

A. Microstructural characterization
In order to investigate the structural details of VO 2 deposited on Si and HfO 2 buffer layers, glancing angle x-ray diffraction were carried out on all samples namely VO2-Si, VO2/HfO2-Si and HfO2/VO2/HfO2-Si. The (011) peak is the most dominant consistent with previous studies on such films grown on silicon. 21 It is seen from GIXRD pattern that the intensity of the (011) peak of the VO 2 is decreased when the bottom HfO 2 buffer layer is introduced between the Si and VO 2 [ Fig. 1(a) ]. High resolution XRD pattern also clearly shows a drop in (011) intensity and peak broadening for the samples with bottom and top HfO 2 buffer layers compared to VO 2 directly deposited on Si [ Fig. 1(b) ]. The surface morphology and grain size of VO 2 film deposited on Si and HfO 2 buffer are similar and the corresponding AFM images are shown in Fig. 2(a) and Fig. 2(b) , respectively. The average grain size of VO 2 films are 71 nm and 55 nm for the above two samples, respectively. Fig. 4(a) ]. It is also clear from the lattice images that the HfO 2 layer is crystalline under these conditions. Crystallization of HfO 2 layer on annealing is known from the literature and it is possible that the crystallization of HfO 2 layer might have taken place during the subsequent VO 2 deposition at high temperature. 22, 23 A clean interface between VO 2 and HfO 2 is evident from the lattice image shown in Fig. 4(b) . STEM bright field image also confirms the geometrically confined VO 2 layer in between the HfO 2 layers [ Fig. 5(a) 
B. Electrical resistance change across MIT
Electrical resistance across the metal insulator transition was measured for VO 2 -Si, VO 2 /HfO 2 -Si and HfO 2 /VO 2 / HfO 2 -Si heterostructures. The measurement was carried out from room temperature to 120 C in both heating and cooling cycles at specific temperature intervals. The resistance values at different temperatures (R) were normalized with the room temperature resistance (R o ) and plotted against its temperature. Figure 6 shows the normalized resistance versus temperature plots for different VO 2 heterostructures fabricated on Si (100) single crystals. Almost all the samples show nearly 3 orders of magnitude change in resistance across the metal-insulator transition. The derivative of log R/ Ro-temperature plots showing the metal-insulator transition temperature for each case is also shown in Fig. 6 . It is evident from Fig. 6 that the transition temperature changes with the introduction of nanoscale buffer layers and decreases to 45 C for geometrically confined VO 2 with top and bottom HfO 2 layers compared to 61 C for a bare VO 2 film grown on silicon under identical conditions. The metal-insulator transition temperatures (T MIT ), transition width (DT) and hysteresis (DH) for heating and cooling were determined by Gaussian curve fitting to the derivatives of log(R/Ro)-temperature plots. The transition temperature, transition width and hysteresis width are listed in Table I for various films.
C. In situ stress measurements across MIT Stress change or relaxation process across the metal-insulator transition is important for evaluating the stability of VO 2 switching capability as well as for actuator applications. It is known that the metal-insulator transition is accompanied with a structural transition in which the doubled unit cell of tetragonal phase is 0.32% larger than the monoclinic unit cell. 24 Areal changes associated with this structural transition leads to the reversible stress change observed across the phase transition in VO 2 thin films. Recently, stress change across the metal insulator transition has been reported for VO 2 coated Si cantilevers by measuring the tip displacement at varying temperatures. 24 In the present work, we have directly measured the stress change across the phase transition by measuring wafer curvature in situ during heating and cooling cycles. Radius of curvature measured as a function of temperature for VO 2 -Si and HfO 2 /VO 2 /HfO 2 -Si heterostructures show a sharp change during heating/cooling and indicates the characteristic structural transition in VO 2 (Fig. 7) . Thin film stresses obtained from wafer curvature measurements as a function of temperature clearly shows the striking nature of stress change occurs across the metal- insulator transition (Fig. 8) . The reversible stress change across the metal-insulator transition in VO 2 is mainly due to 0.32% volume change associated with the transition from metallic tetragonal phase to insulating monoclinic phase. 25, 26 VO 2 thin films deposited directly on Si substrate as well as with the HfO 2 buffer layer exhibit reversible stress change across monoclinic to tetragonal structural transition. All the samples show a transition from high to low compressive stress and shift toward the tensile side which is consistent with the volume expansion that is taking place during monoclinic to tetragonal transition with increasing temperature. It is worth noting that the stress change observed across the metal-insulator transition is comparable with typical values for shape memory alloys. 27 The transition temperature and recoverable stress are different in all three cases studied here. The derivatives of the stress-temperature plots are used for estimating the phase transition temperature onset and shown in inset. While the VO 2 -Si show phase transition at 67 C, the geometrically confined VO 2 layer show transition at 50 C under cooling.
D. Structure-property relations discussion
The relation between the structural characteristics of VO 2 and the transition temperature observed in different samples is shown in Fig. 9 . Crystallinity as well as particle size/microstructure of VO 2 are known to alter the transition temperature and the presence of defects promotes the phase transition at lower temperatures. [28] [29] [30] [31] Here, the observed variation in FWHM mainly arises due to change in crystallinity rather than the particle size as grain sizes are not too distinct as noted from the TEM and AFM studies. In addition, the observed difference in the x-ray diffraction intensity between the VO 2 grown on Si and HfO 2 buffer layer indicates the superior crystallinity of the VO 2 grown on Si. Hence the change in crystallinity contributes to minor (2 C) changes in the MIT properties of VO 2 fabricated on the HfO 2 layer compared to the VO 2 deposited on Si. The stress change observed is directly proportional to the extent of stress relaxation during the phase transition. Better the crystallinity of the material, greater will be the stress change across the phase transition which is what we observe for VO 2 deposited on Si. The introduction of HfO 2 interfacial layers limits the stress relaxation due to geometrical confinement and suppresses the VO 2 phase transition temperature. It is important to note that the resistance ratio for different samples across MIT transition is nearly identical inspite of the tunability in transition temperature and recoverable stress (Fig.  10) . While the minor difference in transition temperature between VO 2 -Si and VO 2 /HfO 2 -Si may arise from the crystallinity (estimated from x-ray diffraction), the large difference in transition temperature between VO 2 /HfO 2 -Si and HfO2/VO 2 /HfO 2 -Si arises due to the top HfO 2 buffer layer.
It is interesting to note the difference in transition temperature between the electrical resistance measurement versus the stress relaxation curves. The differences may stem from the fact that the sensitivity of curvature measurement and resistance measurement toward structural and electronic transition are different. While the formation of a percolating conducting layer is enough to initiate the resistance change during thermal excitation, the stress causing the bending of the wafer in the curvature experiment requires substantial structural transition throughout the film. Nevertheless, the depression in transition temperature (16 C) seen in the resistance measurement and stress measurement experiments are in agreement.
IV. CONCLUSIONS
We have investigated the effect of confining the vanadium oxide layer between atomic layer deposited hafnia films on the metal-insulator transition and in situ measurements of stress relaxation characteristics. The metal-insulator transition temperature decreases to as low as 45 C in VO 2 thin films confined between nanoscale hafnia layers grown on Si (100) substrates. While the bottom HfO 2 layer leads to a minor reduction in MIT temperature to 59
C by subtle changes in the crystallinity, top HfO 2 layer suppressed the MIT temperature to 45 C. A strong correlation is observed between structural quality, stress relaxation and the transition temperature. The ability to tune phase transition temperature and the recoverable stress in vanadium oxide films deposited on silicon through introduction of nanoscale dielectrics could be of importance in functional oxide-based electronics and MEMS devices. 
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